Introduction
============

Our understanding of the spatial organization of DNA in the interphase nucleus has changed dramatically over the past two decades, largely due to the myriad studies performed on mammalian cell lines ([@evw099-B9]; [@evw099-B26]; [@evw099-B49]). From this work, a model of the interphase nucleus has emerged where decondensed chromosomes are allocated to distinct nuclear regions (i.e., chromosome territories) that are delineated by chromatin poor (i.e., interchromatin) compartments. This chromosome territory-interchromatin compartment (CT-IC) model is now accepted as a major organizing principle of the interphase nucleus due to the widespread conservation of this architecture among animals ([@evw099-B9]; [@evw099-B50]) as well as plants, though studies here are more limited ([@evw099-B21]).

Studies of mammalian cells have shown that variation in the radial distribution of individual chromosomes are linked to the morphology of the nucleus itself ([@evw099-B47]; [@evw099-B9]). For example, analyses of "flat" nuclei of fibroblasts reveal chromosomes that are radially arranged by their size such that large chromosomes are found surrounding shorter ones ([@evw099-B47]; [@evw099-B9]). In animal tissues with more spherical nuclei, chromosome distribution correlates best with gene density per chromosome: Gene-poor chromosomes, often rich in repetitive elements, are typically inactive as heterochromatin and tend to be situated close to the nuclear envelope ([@evw099-B2]). Gene-dense chromosomes remain euchromatic, occupying the nucleus' center ([@evw099-B26]) and are closer to transcriptional foci than expected by chance, supporting the nonrandom distribution of chromosomes in the nucleus ([@evw099-B30]). Together, gene density and transcriptional activity likely regulate the position of entire chromosomes ([@evw099-B28]). Although based predominantly on a single lineage of eukaryotes, animals, this organization of heterochromatin surrounding a euchromatin core, coupled with the CT-IC model, has become the standard view of the eukaryotic nucleus.

There are few studies examining the nuclear architecture in lineages other than animals and plants, though examples of atypical chromosomes are known. Such examples include the variant surface glycoprotein genes found on mini-chromosomes in the parasitic trypanosome *Trypanosoma brucei* ([@evw099-B32]), the crystalline chromosomes of dinoflagellates ([@evw099-B10]; [@evw099-B3]), and the fragmented and amplified chromosomes found in some ciliates ([@evw099-B37]; [@evw099-B35]). Despite the presence of unusual chromosomes, [@evw099-B35] have suggested that aspects of the CT-IC model also exist in the ciliate *Stylonychia lemnae* and may be a common eukaryotic feature. The "gene-sized" nanochromosomes in *S. lemnae* form chromatin-dense regions, resembling chromosome territories, surrounded by a diffuse chromatin-poor network throughout the somatic macronucleus ([@evw099-B35]).

Analyses of interactions between nuclear architecture and patterns of molecular evolution (i.e., changes in DNA sequences) are limited and also largely restricted to animal lineages. There is a well-documented relationship between high codon bias (i.e., strong selection on silent sites) and high levels of gene expression ([@evw099-B15]; [@evw099-B14]; [@evw099-B27]) but these studies generally do not assess the relationship to nuclear architecture. In *Drosophila*, gene family members residing in euchromatic regions are significantly more biased in codon usage than orthologous members in heterochromatic portions of the same chromosome ([@evw099-B12]). Such euchromatic regions of chromosomes are typically found in closer proximity to areas of active transcription ([@evw099-B45]), suggesting that nuclear architecture may reflect molecular evolution, at least in some animal lineages.

Taking advantage of the presence of nanochromosomes in the somatic macronuclei of *Chilodonella uncinata*, we address the relationship between nuclear architecture and genome evolution. Like other ciliates with extensively processed somatic chromosomes (e.g., the classes Spirotrichea and Armophorea), *C. uncinata* has a heterochromatin-rich germline micronucleus and a spherical macronucleus containing nanochromosomes that are highly and unevenly amplified ([@evw099-B40]; [@evw099-B42]; [@evw099-B4]; [@evw099-B25]). Unlike other ciliates whose chromosomes are more diffusely arranged ([@evw099-B19]; [@evw099-B35]), *C. uncinata* and some other members of the class Phyllopharyngea possess a heteromeric somatic macronucleus comprised of two distinct zones: 1) A DNA-rich perimeter (orthomere) consisting of dense chromatin granules close to the nuclear envelope and 2) a DNA-poor interior (paramere) with diffuse DNA ([@evw099-B38]; [@evw099-B5]). We combine fluorescent in situ hybridization methods and analyses of transcriptomic data to demonstrate the link between *C. uncinata*'s unusual nuclear architecture and patterns of molecular evolution.

Materials and Methods
=====================

Cell Lines and Culture
----------------------

*Chilodonella uncinata* (Pol strain, ATCC PRA-257) was cultured in filtered and autoclaved pond water with a rice grain to support bacterial growth at room temperature and in the dark. Prior to fixation cells were collected from culture during exponential growth, centrifuged and then washed in sterile water.

Transcription Labeling
----------------------

For pulse labeling of RNA synthesis, *C. uncinata* cells were incubated in filtered and autoclaved pond water containing 1 mM 5-ethynyl uridine (EU; Invitrogen) for 30 min directly on Superfrost microscope slide (Fisher). Cells were then fixed in 2% paraformaldehyde solution in phosphate buffer solution (PBS) for 30 min. Fixed cells were then washed in PBS and permeabilized with 0.5% Triton X-100 for 10 min at room temperature. EU labeling was carried out according to the manufacturer's instructions (Invitrogen; Click-iT RNA labeling kits). The cells were incubated in a 1× working solution of Click-iT reaction solution for 30 min at room temperature. Subsequently, the slides were washed once with Click-iT reaction rinse buffer then once more with PBS. Following this, DNA was counterstained with 0.1 µg/ml 4′,6-diamidino-2-phenyl-indole (DAPI) for 1 min in the dark. Cells were then washed twice with PBS and a drop of SlowFade Gold was added prior to sealing with nail polish.

Flourescence In Situ Hybridization
----------------------------------

Localization of macronuclear α-tubulin, β-tubulin paralogs, and nSSU-rDNA genes was performed one at a time using oligonucleotide probes labeled at their 5′-ends with Alexa Fluor 488, 594, or 647. Probe sequences are as follows:

α-tubulin: 5′-GTCGTCGATGAGGTCAGAACCGGAACCTACAGACAACTGTTCCAC-3′

β-tubulin P2: 5′-CGCGTGCAAGAGCGGTTTGTGGAACTGATGCGGGTCCGGGCGTAC-3′

β-tubulin P3: 5′-GCAGTCTCGTACTCAAAGCAGCCAGTAGATGGGAACCAAACCTCA-3′

nSSU: 5′-CGGAGAGGCTAGGGAACTTTAATCGGAACTCTAGATGACCCAGCA-3′

Cells were fixed directly onto slides as previously described. Cells were then permeabilized in 0.5% Triton X-100 in PBS for 20 min at room temperature, washed briefly with PBS, and incubated in 0.1 N HCl for 5 min at room temperature. Cells were treated with 100 μg/ml of RNase One (NEB) for 1 h at 37 °C before being equilibrated overnight in a mix of 50% formamide in 2× SSC at room temperature. Oligonucleotide probes were dissolved in hybridization buffer (20% formamide, 4× SSC) with 50 ng/µl of unlabeled *Chilodonella* DNA. Denaturation of nuclear DNA was performed in 70% formamide/2× SSC at 75 °C for 5 min. The hybridization mix was denatured separately at 95 °C for 10 min, snap cooled in an ice bath, loaded onto slides, and incubated overnight at 37 °C in a moist incubator. Posthybridization washes were performed in 2×, 1×, and then 0.1× SSC at 42 °C. Nuclei were counterstained and sealed as described above.

Confocal Laser Scanning Microscopy
----------------------------------

Cells were analyzed using a Leica TCS SP5 confocal laser scanning microscope equipped with an oil immersion 63/1.4 objective lens (HPX PL APO). Fluorochromes were visualized with an ultraviolet laser with an excitation wavelength of 405 nm for DAPI, an argon laser with an excitation wavelength of 488 nm for Alexa Fluor 488™, and helium-neon lasers with excitation wavelengths of 594 for Alexa Fluor 594™ and 633 for Alexa Fluor 647™. Images were scanned sequentially, generating 8-bit gray scale images. All images were captured with a resolution of 1,024 × 1,024 pixels, an acquisition speed of 200 Hz and a line average of 8 to reduce noise. ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, MD; <http://imagej.nih.gov/ij/>, 1997-2014) was used to convert 8-bit gray scale images to false RGB colors and for image analysis.

Image Analysis
--------------

For each nanochromosome probe and transcription labeling, z-stacks of 50 nuclei that were determined to be most circular by eye were taken for radial measurements (i.e., in 30° increments) using ImageJ. Measurements of fluorescent intensity were taken from the slice with the greatest diameter and the fluorescence profile was taken from the center of the macronucleus toward the nuclear perimeter every 30°. Once all measurements were made, they were normalized against each macronucleus' maximal fluorescent intensity and radial distance (as the size of each macronucleus is variable depending on cell size) and then were averaged across all 50 nuclei before plotting.

Compositional Bias and Codon Usage
----------------------------------

Calculations of Guanine-Cytosine content of third position 4-fold degenerate sites (GC3s) and the effective number of codons were done through the use of custom python scripts (available: <https://github.com/maurerax/Basic-Informatics-Katzlab->). The analyses made use of the transcriptome assembly of the Pol strain of *C. uncinata* ([@evw099-B22]) and *Tetrahymena thermophila* ([@evw099-B31]).

Results and Discussion
======================

Transcription Is Concentrated in Chromatin-Poor Areas
-----------------------------------------------------

We used fluorescent microscopy to assess the distribution of RNA transcripts within the somatic macronucleus of *C. uncinata.* Such analyses must be interpreted in light of the heteromeric nature of the macronucleus in this ciliate: The thousands of somatic nanochromosomes are arranged into a DNA-rich peripheral orthomere and a DNA-poor central paramere. To detect newly synthesized RNA, we measured the incorporation of the uridine analog EU over a 30-min interval, revealing that the majority of transcripts accumulate in the central paramere as compared with the peripheral orthomere ([fig. 1](#evw099-F1){ref-type="fig"}).

These analyses contrast with observations made by [@evw099-B39], which suggested that transcription was greatest in the DNA-rich orthomere as compared with the paramere itself. An explanation for the difference in our findings and those observed by [@evw099-B39] may be related to the choice of probes and overall technique: After incubation with radioactive uridine for "a long time," the rRNAs that are heavily transcribed likely provided the clearest signal in autoradiographic studies by [@evw099-B39] occurring in nucleoli, which are often nestled in close proximity to the orthomere and the nuclear envelope (i.e., DNA-poor gaps near nuclear perimeter; [figs. 1](#evw099-F1 evw099-F2){ref-type="fig"}A and 2A). In contrast, our approach reveals the short-term accumulation of transcripts both in putative nucleoli and throughout the large DNA-poor paramere. Moreover, [@evw099-B39] isolated only nuclei through additional manipulations that altered the morphology of macronuclei (i.e., fig. 7 and 8 in [@evw099-B39]), which may also contribute to differences between the studies. F[ig]{.smallcaps}. 1.---RNA (green) transcription is predominantly found in the DNA-poor regions of the macronucleus (blue), including nucleoli, as measured from the macronuclear center to the nuclear envelope. (*A*) Location of transcripts determined with "click" chemistry (green, RNA; blue, DAPI; yellow, overlay). Scale bar: 5 μm. (*B*) Distribution of fluorescent intensity estimated radially in 30° increments for each nucleus and averaged over 50 cells. Green, nascent RNA; blue, DNA. . F[ig]{.smallcaps}. 2.---Nanochromosomes are distributed nonrandomly and in distinct patterns related to levels of expression. (*A*) nSSU-rDNA nanochromosomes (red) are found throughout the macronucleus (blue, DAPI; purple, overlay). (*B*) α-Tubulin chromosomes (green) are also distributed throughout the macronucleus despite lower copy number (blue, DAPI; yellow, overlay). (*C*) Nanochromosomes of β-tubulin P2 (red) are restricted to the orthomere despite similar copy number to nSSU-rDNA nanochromosomes (blue, DAPI; purple, overlay). (*D*) Similarly, β-tubulin P3 nano chromosomes (green) are also limited to the orthomere of the macronucleus (blue, DAPI; yellow, overlay). Scale bar: 3 μm.

Transcriptional activity corresponds to nuclear architecture in diverse eukaryotes, although the heteromeric nature of nuclei is unique to ciliates within the class Phyllopharyngea ([@evw099-B41]; [@evw099-B23]). In lineages such as animals and plants, transcriptionally active regions of chromosomes are either recruited to DNA-poor foci of intense transcription (e.g., transcription factories) or near nuclear pores, facilitating rapid exportation of nascent RNAs ([@evw099-B46]; [@evw099-B34]). In *C. uncinata*, there is a large transcriptional neighborhood lacking the distinct foci typical of transcription factories, suggesting that the small size and high abundance of nanochromosomes make transcription factories unnecessary in *C. uncinata.*

Distinct Organization of Somatic Nanochromosomes
------------------------------------------------

We investigated the spatial distribution of specific nanochromosomes within the heteromeric macronucleus of *C. uncinata*. Using Oligo-FISH (flourescence in situ hybridization; [@evw099-B52]), we captured the spatial distribution of nSSU-rDNA and three protein-coding nanochrosomes using 45-mer probes. Two of these genes, nSSU-rDNA and α-tubulin, represent at least an order of magnitude difference in nanochromosome copy number (5.9 × 10^4^ and 8.5 × 10^3^ copies, respectively) and relative expression (5.6 × 10^5^ and 1.3 × 10^3^ transcripts, respectively) as estimated from qPCR analyses ([@evw099-B4]; [@evw099-B25])*.* The other two genes, paralogs P2 and P3 of β-tubulin, share similar nanochromsome copy numbers (6.4 × 10^4^ and 3.2 × 10^3^ copes, respectively) to the two highly expressed genes, yet have no measureable transcription during vegetative growth ([@evw099-B4]; [@evw099-B25]).

The distribution of highly expressed nSSU-rDNA and α-tubulin nanonchromosomes is distinct from the lowly expressed β-tubulin paralogs P2 and P3. The highly expressed nSSU-rDNA nanochromosomes are found enriched in the paramere as well as in putative nucleoli nestled within the orthomere ([fig. 2](#evw099-F2){ref-type="fig"}A), while highly expressed α-tubulin nanochromosomes have a more uniform distribution throughout the entire macronucleus ([fig. 2](#evw099-F2){ref-type="fig"}B). In contrast, both of the lowly expressed β-tubulin paralogs are restricted to the orthomere of the macronucleus ([figs. 2](#evw099-F2){ref-type="fig"}C and *D*), with almost no fluorescent signal measureable in the DNA-poor paramere during vegetative growth. Quantifying the distribution of nanochomosomes along the macronuclear radius (i.e., from macronuclear center to envelope), we show that highly expressed nanochromosomes are significantly enriched in the paramere compared with the lowly expressed β-tubulin paralogs ([figs. 2 and3](#evw099-F2 evw099-F3){ref-type="fig"}). The relationship between the distributions of nanochromosomes is related to the distinct localization of transcription described above. Both of the lowly expressed nanochromosomes (β-tubulin P2/P3) are enriched in the DNA-rich orthomere near the nuclear envelope where transcription appears absent ([figs. 2](#evw099-F2 evw099-F3 evw099-F4){ref-type="fig"}C, 2D, 3C, 3D). F[ig]{.smallcaps}. 3.---Radial distribution of fluorescent intensity of probes in the *Chilodonella uncinata* macronucleus shows distribution of nanochromosomes. Fluorescent intensity of nanochromosomes (red---high copy number *A*, *C*; green---low copy number *B*, *D*) and bulk DNA (blue) are measured along the radius of the macronucleus, from center to the nuclear envelope and at 30° increments. (*A*) nSSU-rDNA; (*B*) α-tubulin; (*C*) β-tubulin P2; (*D*) β-tubulin P3. F[ig]{.smallcaps}. 4.---Codon bias and gene expression are linked in *Chilodonella uncinata* and *Tetrahymena thermophila*. The strength and direction of codon bias corresponds to gene expression in *C. uncinata* (*A*, *B*) and *Tetrahymena* (*C*). (*A*) Highly expressed genes (green circles) are typified by greater codon bias (lower ENc values) than lowly expressed genes (blue x's). (*B*) Vegetative gene expression in *C. uncinata* is somewhat correlated to the degree of codon bias (*R* = −0.261, *P* = 1.262 × 10^−6^). (*C*) Peak gene expression in *Tetrahymena thermophila* is strongly correlated to codon bias (*R* = −0.785, *P* ≪ 0.05).

Despite the differences in genome architecture among eukaryotic lineages (i.e., the unique heteromeric arrangement in *C. uncinata*), the recruitment of highly expressed genes to DNA-poor regions appears common across eukaryotes ([@evw099-B33]; [@evw099-B36]; [@evw099-B32]). [@evw099-B36] found α-tubulin nanochromosomes in close proximity to DNA-poor areas, presumably transcriptionally active, in the somatic nucleus (i.e., macronucleus) of the ciliate *S. lemnae*. Similarly, highly expressed genes in *C. uncinata* are found in the DNA-poor paramere ([figs. 2 and 3](#evw099-F2 evw099-F3){ref-type="fig"}), presumably a means for ensuring that these genes are accessible for transcription. In contrast, nanochromomes with low expression but high copy number that are enriched in the heterochromatin-rich orthomere may serve a skeletal role, maintaining nuclear shape and volume. This structural role is analogous to the positioning of gene-poor and silent loci of animal and plant chromosomes that form the core of chromosome territories ([@evw099-B21]; [@evw099-B6]) and perhaps also the existence of condensed chromosomes found in interphase in "core dinoflagellates" ([@evw099-B3]).

Transcriptional Activity Is Related to Degrees of Codon Usage Bias
------------------------------------------------------------------

We assessed the relationship between patterns of genome evolution and gene expression by examining patterns of codon bias of genes from the published transcriptome of *C. uncinata* ([@evw099-B22]). Specifically, we examined the relationship between the GC content at 4-fold degenerate third positions (GC3s) and codon bias (ENc) in 974 protein-coding genes. Estimates of GC3s based on the *C. uncinata* transcriptome show a relatively high average GC content (53.6%) in protein-coding genes as compared with other ciliates such as *Ichthyophthirius multiformis* (15.9%; [@evw099-B8]), *T. thermophila* (16.1%; [@evw099-B16]), *S. lemnae* (23.0%; [@evw099-B1]), and *Oxytricha trifallax* (24.9%; [@evw099-B48]). The range in GC3s for *C. uncinata* (∼30--70%; [fig. 4](#evw099-F4){ref-type="fig"}A) is very broad compared with protein-coding genes among other ciliate lineages such as in *T. thermophila* (∼10--25%) and in *O. trifallax* (∼15--35%), which may be due to the unusual genome architecture in *C. uncinata*. This variance is also reflected in the codon bias of protein-coding genes in *C. uncinata*, ranging from 27 to 61 ([fig. 4](#evw099-F4){ref-type="fig"}A).

Despite the large variance in GC content at 4-fold degenerate sites, we found a weaker relationship between codon usage bias and gene expression as compared with *T. thermophila*. To determine this relationship, we examined the correlation between codon usage bias (strength and direction) and expression levels as determined from previous transcriptome data for *C. uncinata* ([@evw099-B22]) and *T. thermophila* ([@evw099-B31])*.* Using the number of reads from the *C. uncinata* and *T. thermophila* transcriptomes as a proxy for gene expression reveals that genes that are more highly expressed typically have the greatest codon bias, whereas genes with low codon bias appear to be lowly expressed ([fig. 4](#evw099-F4){ref-type="fig"}). Transcriptomes of *T. thermophila* have been generated for all major life stages (asexual growth, starvation, and sexual conjugation). From these data sets, we examined over 100 protein-coding genes from the available transcriptomes of *T. thermophila* focusing on the relationship between peak expression and patterns of codon bias ([@evw099-B31]). Analyses of these genes demonstrate the relationship between peak gene expression and codon bias ([fig. 4](#evw099-F4){ref-type="fig"}C; *R* = −0.785, *P* ≪ 0.05); highly expressed genes have great codon bias. The precise relationship between codon bias in *C. uncinata* and expression is weak ([fig. 4](#evw099-F4){ref-type="fig"}B; *R* = −0.261, *P* = 1.262 × 10^−6^). Unlike *T. thermophila*, transcriptome data for *C. uncinata* are from unsynchronized cultures in which the bulk of cells are vegetative and ∼5% are in conjugation; the lack of synchronized cultures in *C. uncinata* may explain the variability in the relationship between codon bias and expression ([fig. 4](#evw099-F4){ref-type="fig"}B).

Analyses of protein-coding genes in animals ([@evw099-B15]; [@evw099-B51]; [@evw099-B27]), plants ([@evw099-B17]; Amanda et al. 2015), and fungi ([@evw099-B15]) have shown that codon usage bias correlates with gene expression for many of genes, where highly expressed genes are the most biased in codon usage ([@evw099-B24]). Greater codon bias in plants and animals is typical of developmentally important genes, suggesting the increased expression of these genes during brief developmental time periods followed by large periods of decreased expression ([@evw099-B7]; [@evw099-B43]). Similarly, we found that numerous conserved proteins (e.g., histones and macronuclear development protein) in *C. uncinata* comprise the fraction of lowly expressed and highly biased genes in the *C. uncinata* transcriptome. Examination of the expression of homologous conserved genes from *T. thermophila* (e.g., histones, elongation factors, epigenetic proteins---DNA methyltransferase) reveal that these genes are often expressed throughout all major life stages, at relatively low levels, undergoing brief periods of intense transcription during specific events, such as conjugation ([@evw099-B31]; [@evw099-B20]).

Synthesis
---------

Combining analysis of the transcriptome of *C. uncinata* with fluorescence microscopy reveals the following: 1) there exists a distinct organization of *C. uncinata*'s gene-size nanochromosome relative expression levels: highly expressed genes are enriched in the transcriptionally active and DNA-poor paramere of the macronucleus; 2) gene expression is linked to patterns of codon usage bias as protein-coding genes with the greatest bias are more highly expressed; and 3) taken together observed patterns of molecular evolution appear to be intrinsically linked to the nuclear architecture of *C. uncinata*. Our conclusions can be combined with insights from other eukaryotic lineages as highly expressed genes are typically under more evolutionary constraint and have significantly fewer nucleotide substitutions at silent sites, a signatures of codon bias ([@evw099-B15]; [@evw099-B24]; [@evw099-B17]; Amanda et al. 2015). Highly expressed genes are often found in close proximity to chromatin- poor areas or recruited to these areas in numerous eukaryotes, including ciliates (this study; [@evw099-B36]), dinoflagellates ([@evw099-B18]; [@evw099-B10]), trypanosomes ([@evw099-B32]), plants ([@evw099-B21]; [@evw099-B44]), and animals ([@evw099-B34]; [@evw099-B28]; [@evw099-B33]; [@evw099-B36]). This interplay between molecular evolution and nuclear architecture may be common to eukaryotes, although it may be more exaggerated in unusual nuclear architectures of lineages such as is found in *C. uncinata*.

We further hypothesize that the heteromeric nuclear architecture in *C. uncinata* provides a "gene bank" ([fig. 5](#evw099-F5){ref-type="fig"}). Under this model, the DNA-rich peripheral orthomere harbors the bulk of high copy number nanochromosomes that have low expression in vegetative cells. By having this envelope of nanochromosomes surrounding the transcriptionally active paramere, there may be rapid transitions in transcriptional states by changes in nanochromosome position in response to developmental and environmental cues ([fig. 5](#evw099-F5){ref-type="fig"}). Despite occurring at different scales, *C. uncinata*'s "gene bank" shares similarities with the well characterized resting egg banks described in copepods (Metazoa) whereby a large numbers of dormant eggs can remain viable for large periods of time, becoming active during optimal hatching periods ([@evw099-B29]; [@evw099-B13]). Just as these animals essentially move from their egg bank to the water column (upon activation), the gene bank in *C. uncinata* consists of inactive chromosomes that can rapidly move into transcriptionally active areas. F[ig]{.smallcaps}. 5.---We hypothesize the existence of a "gene bank" in *Chilodonella uncinata*, whereby genes that are lowly expressed in vegetative cells are concentrated near the nuclear envelope of the marconucleus; these genes (i.e., nanochromosomes) may move into the center of the nucleus, allowing rapid changes in transcriptional activity in response to environmental and/or developmental cues. (*A*) Transcriptionally active nanochromosomes (orange) are enriched in the nuclear center, while lowly expressed nanochromosomes (blue) are mostly distributed near the nuclear envelope (black) where they comprise the gene bank. (*B*) In response to developmental or environmental cues, previously lowly expressed genes (blue) can quickly move from the gene bank to the transcriptionally active center, resulting in a rapid transition from low to high expression.
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